The ability of buses to adhere to their advertised schedule is vital to the bus operations. In this paper, an adaptive control strategy is proposed to dynamically adjust bus speed and traffic signal timings along the path of a running bus to improve its schedule adherence. The strategy relies on real-time location and speed information of buses provided by cooperative vehicle infrastructure system (CVIS) and uses key-time nodes calculated by back-stepping of planned arrival times to dynamically update signal timing plans to keep the bus running on time. A hardware-in-the-loop (HIL) field test was conducted to evaluate the developed strategy and the results are encouraging.
Introduction
Punctual service is vital to scheduled transit system operations but is often difficult to achieve in bus operations because its shared use of the road with other motor vehicles and the presence of traffic signals on its route. Traffic signals, bicycles and pedestrians, and uneven loading times at bus stops, to name a few, often cause buses to deviate from their advertised schedule.
Some work has been done in improving the reliability of bus arrival time by active signal control [1] [2] [3] . The primary method used in these studies is signal priority for buses [4, 5] . Bus signal priority, however, has two limitations. First, if there are many concurrent requests from different bus lines in each intersection, not all bus lines will get signal priority and their schedule cannot be guaranteed. Second, without prediction, the recognition of a bus being late may occur too late to have adequate time to restore the bus' schedule.
In order to proactively control traffic signals to support reliable bus schedules, it is desirable to predict bus arrival times in sufficient accuracy. Some complicated algorithms have been utilized to predict bus arrival times. The support vector machine (SVM) [6] and artificial neural network (ANN) [7] are two such algorithms. The data processing mode of an ANN attempts to mimic that of a human brain, while that of the SVM is based on statistical learning theory. Both algorithms "learn" from examples provided in historical data to extract patterns for prediction. Such data were used to be obtained from inductive loops and/or other location based surveillance such as license plate readers.
With the development of vehicle-to-vehicle and vehicleto-infrastructure technologies for improving traffic safety and traffic efficiency [8, 9] , the implementation of cooperative vehicle infrastructure system (CVIS) would enable the location and velocity information of vehicles to be transmitted in real time to each other and to local traffic controllers [10, 11] . Coupled with more accurate traffic information provided by CVIS, the SVM or ANN algorithm can be used to predict bus arrival times more reliably.
In this paper, we develop a dynamic control strategy for the schedule adherence of buses under the CVIS environment and with the support of a reliable arrival time prediction algorithm such as SVC. Based on the real-time bus location and speed and the predicted arrival time under prevailing traffic conditions, it dynamically updates traffic signal timing plans at key intersections to keep the bus running on schedule. Since CVIS systems are not yet available, hardwarein-the-loop (HIL) test system is developed to evaluate the effectiveness of the proposed control strategy. Together with field test and virtual simulator tests, HIL is often used to evaluate new ITS technologies [12] [13] [14] .
The remainder of this paper is organized as follows. In Section 2, the basic concept and the logic of the control strategy are introduced. In Section 3, the HIL test platform is described and the test results are presented. Finally conclusions are given in Section 4.
The Basic Concept and Control Logic
2.1. The Basic Concept. Bus delays caused by the signal controls and random events can grow significantly as they travel along the path, akin to the Butterfly Effect shown in chaotic systems. For example, a small change in the system can develop into a catastrophic change over time. Similarly, a slight fluctuation in a bus' arrival time at an intersection may cause a long delay after it passes several intersections, which is one of the main causes of unpunctual bus service.
In Figure 1 , a bus operating condition is divided into three categories with their possible frequencies of occurrences: early arrival, on time, and late arrival. In this figure, possible actions that help keep a bus' regular schedule are also shown. For the conditions that fall in the area marked by yellow, where bus unpunctuality is caused by random events like interference from bicycles/pedestrians and enlarged by the Butterfly Effect, using signal control alone may be sufficient to keep buses on schedule. It is in this range of conditions that our proposed bus schedule adherence control strategy applies.
The main idea of the proposed control strategy is recognizing the boundary at which the butterfly effect starts affecting the punctuality of buses and updating the signal timing plans in subsequent intersections to restore the bus' schedule. The strategy is also appropriate to the control of early bus [15, 16] .
The planned arrival times are those times published in a bus schedule and the latest planned times are simply those of the planned time adding a tolerable amount of delay. Supposing that both of them have been known ahead of time, two back-stepping lines (green line and orange line) starting from the two arrival time points can then be drawn as shown in Figure 2 and the direction of the back-stepping lines is opposite to that of the bus trajectories. Those lines mark the boundaries of bus trajectories that would either adhere to schedule or be slightly late from the scheduled arrival times.
An intersection node is then defined as a key-time node if the back-stepping lines pass through its red phase. The control algorithm updates the signal timing plans of the key-time nodes to keep the bus trajectory within the bounds given by the two back-stepping lines. For example, a bus can take one of the three trajectories shown in Figure 2 (trajectories 1, 2, and 3) due to a small change of bus speed. The bus arrives at its stops either on time or within a tolerable amount of delay if it takes trajectories 1 and 2 but deviates further and further from its schedule if it takes trajectory 3. The proposed control would recognize the delay causing event at the second intersection and adjust, based on the computed back-stepping lines, the signal timing plans at subsequent intersections so as to steer the bus out of trajectory 3 and into trajectories 1 or 2.
CVIS plays an important role in the recognition of a late bus and the execution of corresponding measures because it establishes bidirectional communication between vehicles and signal controllers. Real-time bus location and speed are collected from vehicle and transmitted to control unit to predict the bus trajectory. It is then used to compare with the back-stepping lines to decide the corresponding measure. If it is speed adaption, the guide-related message is sent back to the vehicle from the control unit. And if it is signal adjustment, the message is sent to the signal controller.
The bidirectional communication based on CVIS makes the control fault-tolerant and precise. The actuated control only is unreliable because drivers' behavior is unpredictable without speed adaption. On the contrary, speed adaptation only also lacks stable effect due to the interference from the surrounding vehicles, which can be solved by actuated control. The bidirectional communication integrates two types of measures and the estimation error of travel time or the fluctuation of driver behaviors is dynamically revised in the control.
The Operational Control Algorithm.
Before we describe the control algorithm in detail, we first list the notations used in the rest of the paper in Table 1 .
The process of executing the developed control strategy is shown in Figure 3 . It consists of four steps: (1) no action, (2) speed adaption, (3) signal adjustment, and (4) delay notification. It takes no action unless the current speed of the bus may fail to keep the bus running within the stable region formed by the key nodes. If it is detected that the bus arrival time at a node falls outside the region, the speed adaptation plans of the subsequent intersections accordingly, and if it is not possible to do so, a delay notice would be released to passengers waiting at the corresponding bus stops. Next we describe the signal updating procedure in more detail. First, the back-stepping lines of planned arrival times are computed using the prevailing travel speeds. These are done in Steps 1 and 2. The key-time nodes are collected into the set { }{ }. Next the predicted bus trajectory is obtained in Step 3 and checked against key-time nodes (Step 3-(3), (6)). If > or > , the control algorithm starts generating signal adjustments (Step 4), which makes either a green extension in the green phase or a red truncation in the red phase. With signal timing adjustments made, the algorithm recalculates the predicted arrival times of the bus (Step 4-(3) ). If the new bus arrival times fall within the green band in Figure 2 , the signal adjustments are stored and wait to be executed. Otherwise, the control algorithm moves to Step 5 and estimates the delay risk of each downstream stop (Step 5-(2), (3)).
Step 1 (calculating the back-stepping line of planned arrival time). Consider the following: Step 2 (calculating the back-stepping line of latest planned arrival time). Consider the following: Step 3 (bus arrival time prediction). Consider the following: Step 4 (signal adjustment). Consider the following:
(1) remove from { or }; Step 5 (final processing). Consider the following:
(1) if < then go to End; else go to (2); (2) declare delay at stop; go to (3); (3) ← + 1; if > + ∑ / ∈ { 0 , } go to End; else go to (2).
Evaluation Using HIL Tests

The HIL Platform.
A hardware-in-the-loop simulator is used to evaluate the proposed adaptive bus schedule adherence control strategy. As shown in Figure 4 , the HIL simulator consists of two field hardware components (a specific vehicle (bus) and field signal controllers) and one simulation component (a control center which consists of control algorithms to generate signal timing plan updates and a simulator to generate and move virtual vehicles). Between the three components there are four sets of communication links labeled with different colors: the control center receives the real-time vehicle status via the blue link; the center controls the traffic lights in the field through the green links and releases the speed adaptation command to the field vehicle through the red link; signal timing plan updates are transmitted to the simulator via the yellow link; an alert message from the control center is sent to the bus driver via a red link if the bus has a high risk of "crash" with virtual vehicles. Among these communication links, the simulatorto-vehicle links are realized by DENSO wireless safety unit (WSU) and the simulator-to-controller links are realized by wireless serial communication.
The HIL simulator interface is shown in Figure 5 . The simulator uses a mesoscopic model in which the red dot represents the real vehicle and the black dots represent the virtual ones. Except for the virtual vehicles, all the objects in this system are real. Figure 6 was selected as the test site. The loop consists of four road segments with lengths of 150 m, 250 m, 145 m, and 230 m, respectively. There are four two-phase signalized intersections in the loop, whose timing plans are shown in Table 2 . Two real bus stop locations were set on the longer road segments, which represent the six virtual stops. As is shown in Figure 5 , the same loop is created in the simulation with virtual vehicles traveling across the intersections and on the loop. In the test, a car is used to mimic a bus and the speed characteristic scales down due to the scale differences between the loop and the real roads. For the simulation of random interference on the road, a small application running in the test vehicle would make a sound regarding a random value (negative is allowed) at a random moment to instruct the driver to speed up or slow down. To simulate possible conflicts generated from traffic in the opposite direction and from the cross streets, the system has an option to reject signal priority requests from the test vehicle (bus).
Validation. A loop in the new Tongji University campus shown in
Two sets of experiments were carried out, one without adaptive signal control and one with adaptive signal control. In each experiment, the bus vehicle runs through the loop three times and hence makes six stops. The experiment is repeated 20 times for each test set. Seven typical bus trajectories without control (purple lines) and two trajectories with control (red and pink lines) are shown in Figure 7 . In the plot showing trajectories with control, the trajectories without control were also shown in the background, and the planned arrival time (marked as blue points and lines), back-stepping lines (green lines and orange lines), and corresponding actions are labeled as well. To estimate the performance of the control strategy, the punctuality index PI(s) is created as follows:
where is the number of samples in each bus stop. The PI results of the tests are shown in Figure 8 .
As shown in Figure 7 , when there is no control, the bus schedule drifts away from the planned schedule further and further as the bus travels along the route, which is reflected in the PI: it rises from 5 s to 47 s in the subsequent stops (the bus made six stops in each run). The change of PI (Group 1) has close relationship with the distance between the two physical stops, the number of intersections, and the offset between signals.
The two sample trajectories presented in Group 2 in Figure 7 bus received five speed adaptation messages but one of them failed to be implemented and the traffic signals were requested to change their timing plans four times but were only able to accommodate two such requests, yet the bus (pink lines) was able to run within 5 s to 15 s of the planned schedule despite these failings.
Conclusions
The proposed HIL simulation platform could reflect the performance of CVIS and the control strategy because all communication links and most objects are real. And given that there is no real crash between vehicles, the entire test is relatively more secure than the test on the real traffic system. The HIL simulation results of the study have shown that the proposed strategy is feasible. The punctuality of the bus is effectively raised with the implement of the control strategy.
The strategy is fault-tolerant and precise due to the implement of the bidirectional communication based on CVIS. The reasonable estimation error of travel time is allowed and some failures of speed adaptation or signal adjustment have few fatal influences on the whole.
It should be noted that in the current work our primary objective is to keep buses running on schedule, and the control algorithm does not consider the potential delays to cross street traffic and traffic traveling opposite to the bus in detail. We will evaluate this potential adverse effect in our future work and refine our control strategy if such adverse effect is serious.
